In addition to its central role in learning and memory, N-methyl D-aspartate receptor (NMDAR)-dependent signaling regulates central glutamatergic synapse maturation and has been implicated in schizophrenia. We have transiently induced NMDAR hypofunction in infant mice during postnatal days 7-11, followed by testing fear memory specificity and presynaptic plasticity in the prefrontal cortex (PFC) in adult mice. We show that transient NMDAR hypofunction during early brain development, coinciding with the maturation of cortical plasticity results in a loss of an endocannabinoid (eCB)-mediated form of long-term depression (eCB-LTD) at adult central glutamatergic synapses, while another form of presynaptic long-term depression mediated by the metabotropic glutamate receptor 2/3 (mGluR2/ 3-LTD) remains intact. Mice with this selective impairment of presynaptic plasticity also showed deficits in fear memory specificity. The observed deficit in cortical presynaptic plasticity may represent a neural maladaptation contributing to network instability and abnormal cognitive functioning.
INTRODUCTION
The ability to discriminate between similar, yet different, contexts is critical for episodic memory (Tulving, 2002) . Episodic memory is demonstrably abnormal in schizophrenia (Pelletier et al, 2005) and imbalanced memory specificity and generality may occur independent of associative learning in schizophrenia patients (Tamminga, 2013) . Although studies on context discrimination have focused on the hippocampal circuit (Leutgeb et al, 2007; McHugh et al, 2007; Sahay et al, 2011) , recent studies have demonstrated that the neural circuit for memory specificity and generalization comprises an anatomically widespread circuit including the medial PFC (mPFC) (Navawongse and Eichenbaum, 2013; Xu and Sudhof, 2013) .
Clinical data and neuroimaging studies indicate that schizophrenia-specific cognitive deficits related to prefrontal circuit pathophysiology are present before the onset of psychosis (Reichenberg et al, 2010) . In addition, there is converging evidence linking the schizophrenia cognitive endophenotype with N-methyl D-aspartate receptor (NMDAR) hypofunction in the corticolimbic system (Coyle et al, 2003; Tamminga, 1998) . Exposure to dissociative anesthetics such as phencyclidine (PCP) or ketamine, which are NMDAR antagonists, produces schizophrenia-like symptoms (Javitt and Zukin, 1991) , and acute, chronic, or perinatal treatment with NMDAR antagonists produce cognitive deficits similar to schizophrenia-like phenotypes in rodents (Morris et al, 2005) .
Although the idea of deficient memory specificity and overgenerality in psychosis is appealing, there has been no experimental data to support this hypothesis. Conversely, the fundamental question regarding how NMDARs function to sculpt the capacity for presynaptic forms of plasticity during early postnatal development has not been elucidated. To address these questions, we examined fear memory specificity and presynaptic forms of cortical plasticity in the mPFC in an adult mouse model with induced transient PCP-mediated NMDAR hypofunction during early brain development coinciding with the maturation of cortical plasticity. PCP-treated mice exhibited impairment in contextual discrimination tasks, indicating deficient fear memory specificity. We also examined multiple forms of presynaptic plasticity at the cortical layer 2/3 to 5 (L2/3-L5) glutamatergic synapse in the mPFC in PCP-treated mice. Unexpectedly, PCP-treated mice showed a strong deficit in eCB-LTD in the mPFC, whereas mGluR2/3-LTD and multiple forms of presynaptic short-term plasticity were spared. Thus, the maturation of presynaptic long-term plasticity at this cortical glutamatergic synapse is sensitive to NMDAR hypofunction during early postnatal development. The observed loss of eCB-LTD may result from a maladaptation in the excitatory circuitry, which is associated with deficient cognitive functioning.
MATERIALS AND METHODS

Subjects
C57BL/6 mice were used for all of the experiments following protocols approved by the IACUC at UCR. The animals were housed in plastic cages (2-4 mice per cage) and kept on 12/12 h dark/light cycle with ad libitum access to food and water. All of the behavioral experiments were performed during the light phase of the cycle. Ten-to seventeen-weekold mice were used for the physiological and behavioral studies. To generate the PCP-treated animals, C57BL/6 mice are subcutaneously injected with a 10 mg/kg per day dose of PCP-HCl (Sigma) at the same time of the day on postnatal days (P) 7, 9, and 11 as described previously (Wang et al, 2001) . All of the behavioral and physiological tests were performed using equal gender distribution (males/females, 50%/50%) during adulthood (P70-120).
Behavioral Assays
Fear conditioning is performed as described before (Korzus et al, 2004) . After being handled, individual mice were exposed to a fear conditioning box (Coulburn Instruments), which was placed inside of a sound-attenuated chamber with the house light and house fan on. The chamber was cleaned with Quatracide, 70% ethanol, and distilled water. The individual mice were placed for 180 s and received a 0.75 mA, 2 s footshock (context-footshock pairing), and left for another 180 s inside the chamber. For memory retention test, mice are placed back in the training chamber for 180 s. Freezing was scored and analyzed automatically by a videobased system (Freeze Frame software; ActiMetrics). Video was recorded at 30 frames/s. The Freeze Frame software calculated the difference between consecutive frames by comparing grayscale value for each pixel in frame. Freezing was defined based on experimenter observations and set as subthreshold activity for longer than 1 s. Freezing was expressed as % Freezing, which was calculated as the percent of freezing time per total time spent in the testing chamber. Contextual fear conditioning and a 24-h memory test (Figure 1a ; Days 1 and 2) were followed by context discrimination assay ( Figure 1a , Days 2-12). The context discrimination assay was performed similarly as described before (McHugh et al, 2007) . The task was divided into three phases: initial phase, generalization phase, and discrimination phase. After being handled, individual mice were exposed to context A. Context A was the unmodified fear conditioning box (Coulburn Instruments). The chamber was cleaned with Quatricide, 70% ethanol, and distilled water. Context B was the modified fear conditioning chamber, with angular wall inserts, house fan off, and scented with Simple Green. During the initial phase (Days 1 and 2), mice were placed in the context A (CS þ ) for 180 s followed by a single footshock (arrow). Across 4 consecutive days (generalization phase: Days 3-6; Trial Blocks 1 and 2), the individual mice were exposed to context A for 180 s and received a 0.75 mA, 2 s footshock, and left for another 60 s inside the chamber. After 4 h, the mice were exposed to the similar context B for 242 s and receive no footshock. During the generalization phase, mice were not able to discriminate between context A and context B. On Days 7-12 (discrimination phase: Trial Blocks 3-5), mice were placed again in the context A (CS þ ) for 180 s followed by a single footshock, and left for 60 s after shock, and in the context B (CS À ) for 242 s without any reinforcement. CB57BLJ6 mice acquired the ability to discriminate between context A and context B during the discrimination phase after at least 6 days of training. Contexts A and B were similar but not the same. The protocol included 12 days of training. The order of exposure to different contexts was counterbalanced. In addition, the context cues themselves were counterbalanced within each group to isolate the effect of the CS þ .
Additional detailed description of Materials and methods is included in Supplementary Materials.
RESULTS
PCP-Treated Mice Exhibit Deficit in Fear Memory Specificity
To investigate the developmental role of NMDARs on cognitive function in adulthood, we induced transient PCPmediated NMDAR hypofunction in perinatal mice on P7-11 (Wang et al, 2001) , which overlaps with a period of extensive cortical plasticity maturation (Zhang, 2004) . We found that PCP-treated mice performed similar to vehicle-treated controls (CTRL) in the contextual version of the fear conditioning task (Supplementary Figure S1a) and showed the same freezing after a 24 h delay (CTRL: 24.91±4.90%, n ¼ 19; PCP treated: 25.09 ± 5.18%, n ¼ 16; t (33) ¼ 0.979, p ¼ 0.979, r ¼ 0.17). Next, we subjected the PCP-treated mice to a context discrimination task (McHugh et al, 2007) to evaluate the role of NMDARs during early postnatal development in the establishment of neural mechanisms underlying fear memory specificity (Figure 1a ). PCP-treated and control mice exhibit comparable freezing to both contexts during the first trial block (Figure 1d ; two-way analysis of variance (ANOVA) of context and treatment during trial block 1; Context Â Treatment: F (1,66) ¼ 0.06, p ¼ 0.810). In fact, a similar level of freezing was observed in both groups during the entire generalization phase (see Figures 1b and c) . This indicates that context A was similar enough to context B that strong generalization was observed during the generalization phase, and freezing in contexts A and B was comparable in both groups.
The control group began to freeze significantly less to context B compared with context A after training on context discrimination task, demonstrating the ability to distinguish consistently between similar yet different contexts To clarify this effect, we have also compared context discrimination ratios between groups during trial blocks. Figure 1e shows a marked difference on trial block 4 (t (33) ¼ 2.121, p ¼ 0.042, r ¼ 0.74), but no difference between groups on trial block 5 (t (33) ¼ 1.670, p ¼ 0.10, r ¼ 0.28), indicating that as training continues, PCP-treated animals' performance becomes closer to control animals' performance. In summary, these data strongly suggest that transient NMDAR hypofunction during early postnatal development (P7-11) resulted in deficient fear memory specificity in the adult.
In addition, PCP-treated mice showed normal levels of uninduced locomotor activity in a novel environment Figure S1f) , which is consistent with the previous study (Nakatani-Pawlak et al, 2009) . Consistent with a previous report (Grayson et al, 2007; Nakatani-Pawlak et al, 2009; Wiley et al, 2003) , PCPtreated mice exhibited abnormal behavior in the novel object recognition task (Supplementary Figures S3a and b) but normal performance in the object location task (Supplementary Figures S3c-f) . One difference between these two behavioral tasks is that novel object recognition memory test involves exposure to novelty (which may generate mild fear), while object location test relies entirely on familiar context and objects.
mGluR2/3-Dependent LTD is Unaffected in PCP-Treated Mice
Convergent cortical and subcortical pathways are integrated in cortical L2/3 pyramidal neurons, which form abundant contacts with pyramidal neurons in cortical L5, the output of the cortex. To investigate the developmental role of NMDA receptors in the maturation of presynaptic plasticity, we tested synaptic activity at the L2/3-L5 glutamatergic synapse (Hempel et al, 2000; Morris et al, 1999) Figure S5b) . Additional detail analysis of I/O relations was carried out to determine if differences in the shape of the curves existed using different metrics obtained from Boltzmann sigmoidal analysis. Comparing means of individual Boltzmann fitted parameters revealed no differences between PCP-treated and control mice in maximum asymptote (A2: PCP treated: 0.68±0.057 mV, n ¼ 11; CTRL: 0.78±0.06 mV, n ¼ 9; t-test: p40.05), in the center (x0: PCP treated: 79.46 ± 9.98 mA, n ¼ 11; CTRL: 81.63 ± 10.34 mA, n ¼ 9; p40.05), or in the time constant (dx: PCP treated: 22.36±3.67, n ¼ 11; CTRL: 27.63 ± 4.53, n ¼ 9; t-test: p40.05). This suggests that there are no differences in all tested characteristics of the I/O curves. Thus, by these measures, PCP-treated mice showed unaltered synaptic transmission in the L2/3-L5 pathway, indicating normal synaptic density within the population, and that synaptic transmission was equally effective in response to a single stimulus. mGluR2/3 receptors' activation is known to induce LTD (mGluR2/3-LTD) with a presynaptic locus of expression in the PFC (Robbe et al, 2002) . We tested mGluR2/3-LTD in PCP-treated mice in the L2/3-L5 pathway. Success or failure of LTD expression in individual groups was determined using a paired Wilcoxon's signed rank test (Wilcoxon's test) by comparing the mean fPSP amplitude during baseline (10 min before stimulation) and 50-60 min after LTD induction. Figure 2 shows that the mGluR2/3 agonist LY379 268 was effective in inducing robust mGluR2/3-LTD in the control and PCP-treated mice (Wilcoxon's test: CTRL: 50.83±6.03%, Z ¼ À 2.366, n ¼ 7, p ¼ 0.018; PCP treated: 45.31±4.41%, Z ¼ À 2.366, n ¼ 7, p ¼ 0.018). There was no difference between the control and PCP-treated mice in the level of mGluR2/3-LTD expression (Figure 2c ; RM-ANOVA: Time Â Treatment: F (2,24) ¼ 1.125, p ¼ 0.305), indicating that mechanisms controlling presynaptic mGluR2/3-LTD, including those shared with eCB-LTD (see below), are intact in PCP-treated mice. In addition, PCP-treated mice show normal short-term forms of presynaptic plasticity at the L2/3-L5 glutamatergic synapse (Supplementary Figure S5) .
PCP-Treated Mice Show Deficient eCB-Dependent Cortical Plasticity
eCB-LTD is a widespread form of cortical plasticity that provides activity-dependent inhibitory control of neurotransmitter release. The cannabinoid receptor type 1 (CB1R) is required for the induction of eCB-LTD (Lovinger, 2008) . Similar to mGluR2/3-LTD, eCB-LTD is also a presynaptic form of plasticity that is negatively coupled to the cAMP/PKA signaling pathway via Gi/o (Lovinger, 2008) . Thus, we examined eCB-LTD in PCP-treated mice in the L2/3-L5 pathway. We used a moderate stimulation protocol of 10 Hz for 10 min at 70% stimulus intensity to induce eCB-LTD at the L2/3-L5 glutamatergic synapse in the mPFC (Figure 3a) , which has been shown to produce long-term depressive effects lasting for at least 1 h (Lafourcade et al, 2007) . A comparative analysis of the mean fPSP amplitude during baseline and 60-70 min after LTD induction revealed robust LTD expression in control animals (Figure 3a ; Wilcoxon's test: 54.30±7.34%, Z ¼ À 2.521 n ¼ 8, p ¼ 0.012). It is well established that the expression of this form of LTD is coupled with an eCB receptor (CB1R) (Lafourcade et al, 2007; Lovinger, 2008) . Not surprisingly, bath application of CB1R inhibitors, such as AM251 (Figure 3a ) or SR141716 (Rimonabant or Rmnt) (Supplementary Figure S4d) , blocked the induction of eCB-LTD in acute brain slices isolated from control animals in the L2/3-L5 pathway (Figure 3c Unexpectedly, the PCP-treated mice showed a strong deficit in eCB-LTD induction in the L2/3-L5 pathway in the mPFC (Figure 3b ; Wilcoxon's test: 90.29 ± 12.6%, Z ¼ À 0.866, n ¼ 10, p ¼ 0.386). In contrast to the control animals, where the L2/3-L5 pathway showed a robust and reproducible expression of the eCB-LTD in response to the 10 Hz stimulus, the recordings in the PCP-treated mice showed strong deficit in eCB-LTD expression in response to the 10 Hz stimulation protocol (Figure 3e ; CTRL: 54.30±7.34%, n ¼ 8; PCP treated: 90.29±12.6%, n ¼ 10;
Blockade of the monoacylglycerol lipase (MAGL), the primary enzyme responsible for degrading the eCB 2-arachidonoylglycerol (Makara et al, 2005) , with the specific inhibitor JZL184 (Long et al, 2009 ) reversed eCB-LTD deficit found in the PCP-treated mice. (Figure 3b ; Wilcoxon's test for PCP-treated þ JZL184: 49.38 ± 3.78%, Z ¼ À 2.366, n ¼ 7, p ¼ 0.018; PCP treated vs PCP treated þ JZL184:
49.38 ± 3.78%, n ¼ 7; t (15) ¼ 2.509, p ¼ 0.024, r ¼ 0.54). Altogether, these experiments strongly suggest that the eCB system is disrupted in PCP-treated mice.
CB1R Signaling in the mPFC is Reduced in PCP-Treated Mice
Induction of eCB-LTD can be effectively abolished via the direct inhibition of CB1R function (Figure 3c ), which is consistent with previous reports (Lovinger, 2008) . It is reasonable to assume that the observed deficits in eCB-LTD could result from the development of abnormal CB1R-dependent signaling in PCP-treated mice as a compensatory mechanism of the mPFC network to the abnormal maturation of a glutamatergic synapse. Thus, we examined CB1R expression in PCP-treated mice using immunohistochemistry (Figures 4a and b) . The PCP-treated mice showed a modest decrease in CB1R in the mPFC (PCP treated: 0.81 ± 0.037, n ¼ 33; CTRL: 1 ± 0.036, n ¼ 23; t (54) ¼ 3.605, p ¼ 0.0007, r ¼ 0.44). Next, we measured the direct responsiveness of CB1Rs to its well-characterized agonist Win55 212-2 using an acute brain slice preparation in PCP-treated and control animals. Evoked fPSPs in L5 stimulated at the L2/3 inputs in the mPFC were strongly inhibited by a bath perfusion of the 1 mM Win55 212-2 in control animals ( Figure 5 ), while the PCP-treated mice showed a modest reduction of depressed responses (Figure 5a ; RM-ANOVA: Time Â Treatment: F (2,27) ¼ 8.27, p ¼ 0.000003), which correlated with a decrease in CB1R immunoreactivity (Figure 4a ). The size of PPRs measured before and during 1 mM Win55 212-2 bath application corresponded to the level of recorded depression of fPSPs (Figure 5b ). This increase in PPR is consistent with a presynaptic locus of action. The observed decrease in CB1R function is consistent with the observed loss of eCB-LTD (Figure 3b ) and provides direct evidence for deficient eCB 1.03 ± 0.017, n ¼ 28 slices (4 animals); CTRL: 1 ± 0.022, n ¼ 22 slices (3 animals); t (48) ¼ 0.911, p ¼ 0.3667, r ¼ 0. 0.13). (e) Representative Â 40 magnification images taken from the CA1 region used for analysis and quantification. Normalization to NeuN was taken from regions of interest (ROIs) 1 and 2 (pyramidal cell layer), and level of CB1R expression was taken from all ROIs combined. ROIs extended down into the striatum radiatum with an additional two rows (ROIs 5, 6, 7, and 8 not shown) (scale bar ¼ 50 mm). (f) Level of CB1R in dentate gyrus (DG) was slightly increased (PCP treated: 1.12±0.027, n ¼ 28 slices (4 animals); CTRL: 1±0.015, n ¼ 22 slices (3 animals); t (50) ¼ 3.65, p ¼ 0.0006, r ¼ 0.46). (g) Representative Â 40 magnification images taken from the DG region used for analysis and quantification. Normalization to NeuN was taken from ROIs 1 and 2 of the granule cell layer, and the level of CB1R expression was taken from all ROIs combined (1-4) (scale bar ¼ 50 mm). A full color version of this figure is available at the Neuropsychopharmacology journal online. Asterisks indicate statistical significance, *po0.05, **po0.01, ***po0.001.
within the hippocampus did not differ between PCP-treated and control animals (Figures 4d and e) (PCP treated: 1.03 ± 0.017, n ¼ 28; CTRL: 1 ± 0.022, n ¼ 22; t (48) ¼ 0.911, p ¼ 0.3667, r ¼ 0. 013), while in the DG region (including cortical projections from entorhinal cortex) they were slightly increased in PCP-treated mice (Figures 4f and g ). These data suggest that the disruption in the eCB signaling observed in PCP mice is not widespread.
DISCUSSION
NMDAR hypofunction during development is known to produce structural and functional abnormalities of cortical networks in the adult brain, although the neural mechanisms of emergent pathology and its consequences on cognitive function are unclear. It has been shown that PCP-mediated NMDAR hypofunction during early postnatal development before PND 12 results in cognitive dysfunction, including working memory deficits (Nakatani-Pawlak et al, 2009) and object recognition deficits (Grayson et al, 2007; NakataniPawlak et al, 2009; Wiley et al, 2003) in rodent models of psychosis. Our data strongly suggested that transient PCPmediated NMDAR hypofunction during early postnatal development (PND 7-11) resulted in imbalanced fear memory specificity and generalization in the adult.
Theoretical and experimental models predict coexistence of two anatomically distinctive neural processes underlying specificity of episodic memory (Leutgeb et al, 2007; Marr, 1971; McHugh et al, 2007; O'Reilly and McClelland, 1994) . Pattern separation is a putative neural process underlying memory specificity, in which memories are encoded and retrieved as unique representations, while pattern completion enables recall based on partial cues and memory generalization. It is uncertain if the abnormality in context discrimination found in PCP-mediated NMDAR hypofunction resulted from overgeneralization or a deficit in pattern separation. The possibility for a disruption of hippocampusdependent pattern separation/completion in schizophrenia has been discussed previously (Tamminga et al, 2010) . However, the neural circuit for memory specificity and generalization also involves the PFC and thalamus (Navawongse and Eichenbaum, 2013; Xu et al, 2012; Xu and Sudhof, 2013) , and there is converging evidence linking the schizophrenia cognitive endophenotype with NMDAR hypofunction-induced abnormalities in the thalamus, PFC and hippocampus circuit, consistent with the NMDAR hypofunction theory (Coyle et al, 2003; Tamminga, 1998) . We suggest that impairment in fear memory specificity observed in adult animals may be associated with an abnormal maturation of plasticity as revealed in PCP-mediated NMDAR hypofunction mice.
PCP-treated mice exhibited a loss of eCB-dependent synaptic plasticity at a central glutamatergic synapse, suggesting that abnormality in fear memory specificity and generalization may be associated with deficient eCBdependent plasticity. Recent studies indicate that schizophrenia pathology may be linked to the eCB system (Caspi et al, 2005; Zammit et al, 2011) . Furthermore, mutations in CNR1 (a gene encoding CB1R) have been associated with a susceptibility to schizophrenia in human genetic studies (Leroy et al, 2001; Ujike et al, 2002) . Studies of mutant mice with the CNR1 gene deletion revealed that the schizophrenia-like behavioral responses to an NMDAR inhibitor depended on a functional CB1R (Haller et al, 2005) . Thus, our data indicating an abnormality in the eCB system in a schizophrenia model are consistent with the initial findings in humans and rodents.
Our initial observation indicated a loss of eCB-LTD (Figure 3b ), which coincides with a decrease in CB1R function in PCP-treated mice ( Figure 5 ). However, this modest decrease in CB1R function may be insufficient to explain the loss of eCB-LTD induction, and it is uncertain at this point if additional components of the eCB system are dysregulated in PCP-treated mice. For example, either decreased eCB synthesis or increased eCB degradation will attenuate eCB-LTD. This might occur if PCP-treatment leads to enduring changes in expression of the enzymes mediating eCB synthesis and degradation (see below). eCB-LTD was first discovered in the glutamatergic striatal synapse (Calabresi et al, 1992) , although the role of the eCB system including CB1R in this form of plasticity was not known until later (Gerdeman et al, 2002) . At the L2/3-L5 synapse in the mPFC, the retrograde eCB signaling system depends on complex presynaptic and postsynaptic signaling (Lovinger, 2008) through the CB1R (Lafourcade et al, 2007) , metabotropic glutamate receptor (mGluR5, that transduces the level of glutamate onto the postsynaptic compartment) (Calabresi et al, 1992; Lafourcade et al, 2007) , diacylglycerol lipase (DAGLa is essential for the eCB 2-arachidonoylglycerol (2-AG) synthesis) (Lafourcade et al, 2007; Lovinger, 2008) , Ca 2 þ influx (Di Marzo et al, 1994) , and MAGL and a/b-hydrolase domain 6 (MAGL and ABHD6, respectively, enzymes that degrade 2-AG released from the postsynaptic terminal) (Marrs et al, 2010; Piomelli, 2003) . The eCB-LTD mechanism may also involve serotonin receptors (5-HT2) (Best and Regehr, 2008) , dopamine receptors (D2) (Calabresi et al, 1992) , or muscarinic acetylcholine receptors (M1/3) (Kim et al, 2002) . In addition, eCB-LTD is a widespread type of long-term synaptic plasticity found at excitatory and some inhibitory synapses in the CNS (Lovinger, 2008) . The extent to which the eCB system is disrupted in PCP-treated mice has yet to be determined, but it is unlikely that this form of synaptic plasticity is diffusely deficient throughout the brain.
The induced NMDAR hypofunction in PCP-treated mice is overlapping at a time when the intrinsic characteristics of the pyramidal neurons in L5 and the properties of L2/3 inputs in the mPFC are developing to form mature plasticity mechanisms at this glutamatergic pathway (Zhang, 2004) . Our data indicate that NMDARs are required for the maturation of eCB-dependent presynaptic plasticity at the glutamatergic synapse in addition to the well-studied maturation of postsynaptic plasticity.
The retrograde eCB inhibitory system demonstrates a number of properties that make it a viable candidate for a homeostatic mechanism controlling neural stability that can be permanently disrupted via adaptive mechanisms. There are two critical characteristics that make the eCB system an effective component of the neuronal activity-dependent homeostatic mechanism. First, eCBs are produced locally and postsynaptically. Second, the retrograde release of eCBs exhibits temporal and spatial patterns that faithfully follow the patterns of neuronal activity at presynaptic terminals (Lovinger, 2008) . However, recent studies have indicated that the eCB system is vulnerable to disruption via maladaptive mechanisms induced through environmental insults. Both epilepsy and chronic exposure to a CB1R antagonist induce long-lasting changes in the expression of CB1R (Chen et al, 2003; Hsieh et al, 1999; Rinaldi-Carmona et al, 1998) . Repeated self-administered cocaine resulted in an impairment of two forms of long-term plasticity, such as eCB-LTD and mGlu2/3-mediated LTD in the mPFC (Kasanetz et al, 2012) . The loss of eCB-LTD was also observed in response to a single exposure to D
9
-tetrahydrocannabinol in the nucleus accumbens as a result of functional tolerance and the desensitization of CB1R (Mato et al, 2004) . However, prolonged exposure to this drug induces compensatory mechanisms and rescues LTD via mGlu2/3-dependent homeostatic synaptic adaptation (Mato et al, 2005) . Excitatory synapses onto indirect-pathway medium spiny neurons selectively express dopamine D2 receptor-dependent eCB-LTD, which is absent in Parkinson's disease models, and can be rescued through the pharmacological restoration of eCB-LTD expression (Calabresi et al, 1992; Gerdeman et al, 2002; Kreitzer and Malenka, 2007) . Thus, long-term synaptic depression, including eCB-LTD, is involved in cortical and subcortical maladaptations, and our current data suggest that the eCB-LTD mechanism might be a target relevant to the developmental etiology underlying neuropsychiatric disorders. However, the specific roles of disrupted eCB-LTD on network stability, synaptic plasticity, and cognitive function have yet to be determined.
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